Artificial electronic lattices, created atom by atom in a scanning tunneling microscope, have emerged as a highly tunable platform to realize and characterize the lowest-energy bands of novel lattice geometries. Here, we show that artificial electronic lattices can be tailored to exhibit higherenergy bands. We study p-like bands in four-fold and three-fold rotationally symmetric lattices. In addition, we show how an anisotropic design can be used to lift the degeneracy between px-and py-like bands. The experimental measurements are corroborated by muffin-tin and tight-binding calculations. The approach to engineer higher-energy electronic bands in artificial quantum systems introduced here enables the realization of complex band structures from the bottom up.
Bands composed of orbitals beyond s-type play a key role for the electronic and magnetic properties of materials. Orbitals are characterized by the shape of the wave function, establishing a degree of freedom for the electrons in addition to spin and charge [1] . Higher orbitals (i.e. beyond s-type) can give rise to interesting band structures, such as a Dirac cone and flat band for the p-orbital bands of a honeycomb lattice [2] [3] [4] . In addition, colossal magnetoresistance of several transition metal-oxides is related to the d-orbital bands in these systems [1] . In the presence of interactions, the nodal character of bosons in a p-band condensate [5] [6] [7] [8] or of the superconducting order parameter in unconventional superconductors [9] [10] [11] [12] leads to interesting broken-symmetry quantum phases and novel quantum effects.
Generally, the term 'orbitals' refers to the nodal structure of the wave functions at the lowest (s) and higher (p, d, etc.) energies, which is equivalent to the nodal structure of atomic orbitals. More specifically, s-orbitals in a lattice yield an either positive or negative wave-function amplitude at the lattice sites. In contrast, p-orbitals alternate from a positive contribution between lattice sites via a node at the site itself to a negative contribution on the other side. Bands originating from these p-orbitals, so-called p-like bands, were studied in optical [5] [6] [7] [8] [13] [14] [15] , photonic [16, 17] , and polariton lattices [18] [19] [20] .
The manipulation capability of the low-temperature scanning tunneling microscope has been used to create atomically precise structures. This allows one to precisely control the electronic and spin coupling between atoms [21] [22] [23] [24] [25] [26] . For artificial electronic systems, periodic (e.g. honeycomb, Lieb, checkerboard [27] [28] [29] [30] ) and nonperiodic (quasi-crystalline Penrose tiling and Sierpiński fractals [31, 32] ) geometries, as well as topologically nontrivial 1D chains [28, 33] have been made. However, all of the experiments on electronic lattices focused on the lowest energy bands, derived from s-like orbitals at the artificial-atom sites. In Ref. [34] , Ma et al. pointed out that the higher-energy bands found for the Lieb lattice in Ref. [29] are well-described by p-like bands, supported by a tight-binding model and plane-wave calculations.
Here, we first experimentally identify p-like bands in a four-fold rotationally symmetric Lieb lattice in which all sites host degenerate p x -and p y -like orbitals, by comparing the observed spatially dependent local density of states (LDOS) with muffin-tin calculations. Because the artificial atoms are two-dimensional, there are only 2 plike orbitals centered on each site, instead of 3 for real atoms. Then, we engineer a Lieb lattice in which the p-degeneracy at the edge sites is broken, resulting in a separate p x -like (p y -like) orbital at the x (y) edge site in the energy range of interest. Next, by introducing an asymmetry in the lattice, we are able to lift the energy degeneracy of the remaining p x -and p y -like orbitals and independently access these different degrees of freedom upon tuning the energy. Finally, to illustrate that the p-like band description is also applicable to systems with other symmetries, we investigate p-like bands in the three-fold rotationally symmetric honeycomb lattice.
The electronic lattices are realized and characterized in two low-temperature scanning tunneling microscopes (STMs), located in Utrecht and Nijmegen (both Scienta Omicron LT-STM, T = 4.5 K), in ultrahigh vacuum (p ≈ 10 −10 mbar). Carbon monoxide (CO) molecules are leaked into the chamber and adsorbed onto a cold Cu(111) single crystal in the STM, cleaned by sputtering and annealing cycles, such that the surface coverage was approximately 0.3 molecules per nm 2 . A Cu-coated tungsten or platinum-iridium tip, prepared by gentle contact with the Cu(111) surface, is used for both the assembly and the characterization of the lattices. The CO molecules act as repulsive scatterers for the surfacestate electrons of Cu(111) [35] . By positioning the CO molecules with atomic precision using the STM tip [36] [37] [38] , the electrons at the surface of the Cu(111) crystal are confined to the regions in between the molecules, leading to the formation of an electronic lattice. In this manner, the confined 2D electron gas (2DEG) at the surface is patterned to form "artificial atoms" with a specific size -and thus on-site energy -and a tunable coupling between them. We characterize the nodal plane character of the wave function by mapping the LDOS at constant height at various energies. We utilize a lock-in technique and apply a modulation to the sample bias (modulation amplitude 5-20 mV r.m.s., frequencies 273 Hz and 4321 Hz). As evidenced by previous work [29, 32] , the muffin-tin model without many-body interactions yields a good description of the electronic band structure of artificial lattices generated by CO molecules on a Cu(111) surface. The muffin-tin calculations model the CO molecules by a circular repulsive potential with a radius r = 0.3 nm and height of V CO = 0.9 eV in the Schrödinger equation for the 2DEG [29, 39] . Not only the LDOS |Ψ| 2 is calculated, but also the sign of the contributing wave functions Ψ is extracted. The results are further corroborated by single-particle tight-binding calculations, which model the artificial-lattice geometry with the appropriate orbitals at the artificial-atom sites (see Supplemental Material (SM) [40] ).
First, we describe higher-orbital bands in a lattice with a four-fold rotational symmetry. For this purpose, we chose the Lieb lattice, which is a square-depleted lattice consisting of three (artificial) atoms (green) in a unit cell (blue dashed box) [41] , as illustrated in Fig. 1a . With three sites per unit cell this lattice provides more flexibility than a square lattice. The three inequivalent artificialatom sites consist of one corner site (1) and two edge sites (2 and 3). The size of the unit cell is chosen to be 6 √ 3a × 10a ≈ 2.66 nm×2.56 nm, where a = 0.256 nm is the Cu(111) nearest-neighbor distance (see SM [40] ). This electronic lattice is realized by an array of CO molecules (red circles) on Cu(111), which acts as a repulsive potential and confines the electrons to the sites of the Lieb lattice [29, 42] . At low energies E < 200 meV, there are two bands exhibiting a Dirac cone at the corners of the Brillouin zone intersected by a third band (c.f. green curves in Fig. 1c ). These bands have been observed experimentally and are well-described by a tight-binding model using s-orbitals at the artificial-atom sites [28, 29] . Fig. 1a shows a differential-conductance map acquired at a higher energy, V = 550 mV. The map shows the central plaquette of a Lieb lattice of 5 × 5 unit cells (see SM [40] ). We observe that the artificial-atom sites (green) exhibit nodes in the LDOS, while there is an enhanced LDOS between the sites. This is in agreement with the result from muffin-tin calculations (see Fig. 1b ). The nodal pattern corresponds to that of p-like orbitals, indicated schematically by black contours. These twodimensional p-orbitals consist of degenerate p x -and p ylike states, which extend between the sites to overlap with p x,y -states localized on a neighboring site. The variations in LDOS maxima between dangling and overlapping plike orbitals can be attributed to differences in confinement (see SM [40] ). We calculate the band structure of the Lieb lattice in the energy range −0.5 eV < E < 1.4 eV using the muffin-tin model, as shown in Fig. 1c . For −300 meV < E < 200 meV, we obtain the three previously described lowest-energy bands (green). At higher energies, E > 200 meV, additional bands are predicted (blue). To study the nature of the bands in more detail, we extract the wave-function amplitudes from the muffin-tin calculations. Fig. 1d shows the value of the wave function along the purple line indicated in Fig. 1b .
Note that the amplitude of the wave function changes sign at the positions of the artificial atoms. In between these sites, it is either positive or negative. This corresponds to overlap of lobes with the same sign, i.e. a bonding combination of p-like orbitals on adjacent sites, as indicated in Fig. 1b . Since there are two artificial atoms per unit cell along the x and y direction, the periodicity of the wave in Fig. 1d is the same as that of the unit cell. Thus, the muffin-tin calculations confirm the typical p-like character of the wave functions. A similar analysis of the lower-energy bands shows that the associated wave functions have s-like character (see SM [40] ). If the energy is increased further, anti-bonding p π -like and higher-orbital bands occur (see calculations in SM [40] ). Next, we alter the design of the Lieb lattice for two purposes. First, we shift the p-bands down towards the Fermi energy, where the surface state of Cu(111) has a free-electron-like dispersion. Close to the Fermi energy the COs are more effective at confining the surface-state electrons and the influence of the bulk is minimized. We achieve this by increasing the size of the artificialatom sites [27] , reducing the confinement of the electrons. Second, we lift the degeneracy of the p x -and p y -like orbitals at the same edge sites by adding additional CO molecules, such that the dangling orbital is pushed to much higher energy. In Fig. 2a , we show a differential-conductance map of this modified Lieb-like lattice with larger unit cells. The unit cell with size 14a × 8 √ 3a ≈ 3.58 nm× 3.55 nm is indicated by a dashed blue box. It contains 12 CO molecules (encircled in red). Note that compared to the lattice discussed above, the edge sites in this design are more confined in the direction perpendicular to the line connecting two corner sites. As a guide to the eye, the locations of the artificial atoms are indicated in green and the p-like orbitals are outlined in black. For −300 meV < E < −100 meV, the s-like bands were reproduced (see SM [40] ). The differential-conductance map shown in Fig. 2a was acquired at V = 70 mV. Note that there are nodes at the positions of the artificial atoms. The corner sites (1) exhibit both p x -and p y -orbitals. However, in contrast to the lattice in Fig. 1 , the edge sites (2 and 3) exhibit only the p x -(2) or the p y -like (3) state in the bonding direction at this energy. Indeed, the additional CO molecules in this design shift the dangling orbital perpendicular to this direction (p y -like for site (2) and p x -like for site (3)) to much higher energy. Fig. 2b presents the corresponding LDOS calculated using the muffin-tin model. The nodal character is in excellent agreement with the experimental data. From the muffin-tin results, the wave-function amplitudes can again be extracted, corroborating the p-like character of the wave-functions (see SM [40] ). Thus, by tailoring the design, it is possible to have only p x -like orbitals on one site and p y -like orbitals on another at a given energy.
We now turn our attention to lifting the energy degeneracy of the p x -and p y -like orbitals at all sites by introducing an asymmetry in the lattice sites [43] . Specifically, we break the four-fold rotational symmetry by increasing the width of artificial-atom sites 1 and 2 in the y-direction by √ 3a (pink arrow in Fig. 3a) while the xdirection remains the same (cyan arrow). This results in a unit-cell size of 14a × 9 √ 3a ≈ 3.58 nm×3.99 nm. Figures 3a-b show differential-conductance maps of the asymmetric lattice at +50 mV and −50 mV, respectively. At +50 mV, we only observe the p x -like orbitals (Fig. 3a) . In contrast, at −50 mV, only p y -like orbitals contribute to the image contrast (Fig. 3b) . This can be ascribed to the larger amount of space and therefore reduced confinement in the y-direction. The energy splitting can be considered as an artificial-lattice analogue of crystal-field splitting in solid-state materials. The measurements are reproduced by muffin-tin calculations (see Figs. 3c and 3d, and the SM [40] ). Note that at −50 mV, we observe a contribution of the s-orbitals at sites 2 and 3 in addition to the p y -orbitals at site 3.
We will now extend the approach to a lattice with a three-fold rotational symmetry about each artificial-atom site: the honeycomb lattice. Fig. 4a shows a schematic of a honeycomb lattice. To describe bonding between real atoms in such a geometry typically sp 2 -hybridization is invoked. However, because the energy spacing between the s-and p-like orbitals can be made large, orbital hybridization does not necessarily occur. In this case, a well-established decomposition of the p x -like and p y -like orbitals into σ-and π-type components can be used to describe the electron localization due to p-like orbitals in a triangular symmetry [44] . An example of a decomposition of a p x -like orbital in a σ-and π-component is indicated in Fig. 4b . This leads to increased density of states in between the coupled artificial atoms and nodes at those sites. Fig. 4c shows a differential-conductance map of the as such realized honeycomb lattice acquired at V = −80 mV. The artificial-atom sites are indicated in green and the CO molecules are encircled in red (distance between centers of CO clusters is 14a). The LDOS is highest at locations in between the artificial atoms (black contours), as expected from overlapping p-type orbitals with a σ-bond. The experimental observations are well reproduced by muffin-tin calculations (Fig. 4d) . Note that since the decomposition method mentioned above can be used for any lattice symmetry, the p-like orbital description is expected to be generally applicable.
In conclusion, we demonstrated how to manipulate porbital bands in artificial electronic lattices with fourfold and three-fold rotational symmetry. In particular, we showed how the p x -and p y -orbitals can be tailored spatially and how the energy degeneracy of these states can be lifted, thus creating an analogue of the crystalfield splitting in these artificial lattices. We expect that the approach outlined here can be transferred to lattices created lithographically in semiconductors [45] . The tunability of the geometries towards spherical structures [46] would facilitate adding a well-defined orbital angular momentum to the electrons, offering a platform for the investigation of p-orbital bands with spin-orbit coupling and their interaction with external fields.
